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ABSTRACT 


Esary  and  Proschan  show  that  a  lower  bound  tc  system 
reliability  can  be  found  by  enumerating  all  min  cut  sets 
in  the  coherent  structure,  connecting  the  components  in 
each  min  cut  set  in  parallel  and  joining  each  of  these 
parallel  subsystems  in  series  where  replicated  components 
are  replaced  by  identical  yet  independently  operating 
components.  A  module  of  a  coherent  structure  is  a  subset 
of  the  basic  components  of  the  system  which  can  be  treated 
as  a  component  of  the  system  due  to  their  substructure 
topology. 

In  this  paper,  it  is  shown  that  a  lower  bound  estimate 
of  system  reliability  can  be  derived  by  decomposing  the 
coherent  structure  about  its  modules  and  applying  the 
Esary-Proschan  lower  bound  procedure  to  each  module  and 
then  to  the  resultant  coherent  structure  where  each  mod¬ 
ule  has  been  replaced  by  a  single  component  whose  relia¬ 
bility  is  the  Esary-Proschan  lower  bound  to  that  module. 

This  estimate  of  system  reliability  is  sharper  than  the 
estimate  of  system  reliability  obtained  by  utilizing  the 
Esary-Proschan  procedure  on  the  total  system  directly. 
Furthermore,  this  estimate  is  computationally  more  effi¬ 
cient  than  applying  the  Esary-Proschan  procedure  to  the 
total  system  directly  since  the  min  cut  sets  need  only  be 
enumerated  for  each  module.  Applications  of  this  result 
are  given  and  analogous  results  for  an  upper  bound  to 
system  reliability  are  stated. 


APPROXIMATIONS  TO  SYSTEM  RELIABILITY  USING  A 
MODULAR  DECOMPOSITION 


by 

Lawrence  David  Bodin 

1.0  INTRODUCTION 

A  coherent  structure  (C,  $)  is  made  up  of  a  set  of  components  C  ■ 
which  exist  in  one  of  two  states — working  or  failed.  Let  be  a  binary  variable 
which  designates  the  states  of  component  i  ;  x^  *  1  if  the  component  works  and 
0  if  failed.  Similarly,  define  the  structure  function  $(x)  -  <Kx^,  xn)* 
to  be  1  if  the  system  is  working  and  0  otherwise.  For  the  structure  to  be 
coherent,  the  following  two  conditions  must  be  satisfied: 

(1)  Each  component  c^  must  be  essential;  that  is  to  say,  there 
exists  a  realization  of  the  other  components  c^  ,  j  4  i  ,  such 
that  <1^ ,  x)  ■  1  and  $(0^  x)  *  0  where  (.^,  x)  - 

(xl . xi-l’  *i*  xi+l . V  ' 

(2)  If  x^  <  y^  for  each  i  ,  then  $  (x)  <  4 Cy)  .  This  condition 

implies  that  the  state  of  the  system  is  not  degraded  by  changing 
a  component  from  a  failed  condition  to  a  working  condition. 

From  (1)  and  (2)  it  immediately  follows  that  $(1)  ■  1  and  $(0)  *  0  . 

The  state  of  any  component  in  (C,  $)  is  assumed  random  with  P(X^  ■  1)  »  p^ 
and  stochastically  independent  of  any  other  component.  The  reliability  function 
h(p)  is  defined  to  be  E($(X))  *  P($(X)  -  1)  .  To  further  characterize  the 
reliability  function  h(p)  ,  the  following  definitions  are  needed. 

^Throughout  this  paper  a  vector  (p-,  ...»  p^)  is  denoted  as  p  and  a  scalar 
function  of  several  variables  is  designated  as  4 (x)  or  h(p)  . 
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•  AVB-A+B-AB. 

•  y  <  x  -*■  y^  <  Vi  and  y^  <  x^  for  some  i  . 

•  Path  Vector  of  (C,  $)  :  Vector  x  such  that  $(x)  -  1 

•  Cut  Vector  of  (C,  $)  :  Vector  x  such  that  $(x)  -  0  . 

•  Path  Set:  {c^  |  x^  -  1  and  $(x)  -  1}  . 

•  Cut  Set:  |  x^  -  0  and  $(x)  ■  0}  . 

•  Min  Path  Vector:  Vector  x  such  that  $(x)  ■  1  and 
for  all  y  <  x  ,  $(y)  ■  0  . 

•  Min  Cut  Vector:  Vector  x  such  that  $(x)  -  0  and 
for  all  y  >  x  ,  $(y)  -  1  . 

•  Min  Path  Set:  B  ■  {c^  |  x  ■  1  and  x  is  a  min  path  vector}- 

•  Min  Path  Structure  Function:  n(x)  ■  n  x.  where 

cieB  1 

B  is  a  min  path  set. 

•  Min  Cut  Set:  A  ■  {c,  j  x  *  0  and  x  is  a  min  cut  vector)  . 

A  1  1 

•  Min  Cut  Structure  Function:  w(x)  ■  V  x  where 

c1eA  1 

A  is  a  min  cut  set. 

Birnbaum,  Esary,  and  Saunders  [3]  show  that  if  B^,  B^  comprise  the  min  path 

sets  of  (C,  <j>)  and  n^vx)  comprise  the  min  path  structure  functions, 
i  ■  1,  •  •  • ,  r  , 

h(P)  -  E  f  v  n< (X)  (1) 

li-1  1 

and  if  A^.A^,  ...,  As  are  the  min  cut  sets  of  (C,  $)  and  p  j  (X)  make  up  the 
min  cut  structure  functions,  j  ■  1,2,  ...,  s  , 

h(P)  -  E^n^  ^ j  (x)j  (2) 

A  method  for  evaluating  (1)  and  (2)  has  been  proposed  by  Bimbaum,  Esary,  and  Saun¬ 
ders  [3]. 


A  nodule  of  a  system  can  be  thorght  of  as  "a  subsec  of  the  basic  components 
of  the  system  which  are  organized  into  some  substructure  of  their  own  and  which 
affect  the  system  only  through  the  performance  of  their  substructure.  Rephrasing, 
a  module  is  an  assembly  of  components  which  can  itself  be  treated  as  a  component 
of  the  system. The  coherent  system  (A,X^)  is  a  module  of  (C , 4>)  if 

•  ACC  and  A  is  not  empty. 

•  $(x)  -  'J'(xa(xA)»  )  for  all  binary  vectors  x  -  (xA,  xA  ) 

i  • 

where  A  is  the  complement  of  A  and  [c^  U  A  is  a  coherent  system.  In  the 

above  definition,  all  components  making  up  set  A  in  the  coherent  structure  (C,$) 

i 

have  been  replaced  by  a  single  component  c^  in  the  coherent  system  [c^  U  A  ,<ji]  , 

and  the  state  of  c^  is  given  by  xA  *  the  structure  function  of  the  module 

(A,x.)  .  More  generally,  the  coherent  system  (C,$)  can  be  decomposed  into  modules 
A  t 

^i,XA  )  »  1  "  1»2»  •••»  t  *  8UCh  that  U  \  "  c  and  A^  0  A^  ■  E  ,  the  empty 
set,  for  k  f  l  .  Replacing  each  module  by  a  single  component  and 

denoting  the  state  of  M.  as  x*  •  the  state  of  module  /A.  ,xA  \  ,  a  new  coherent 


(v\) 


structure  [M,\j>]  is  formed  where  M  ■  ...»  Mt)  and 

♦  *  */XA  ,XA  »  XA  \  •  This  reduction  is  called  the  modular  decomposition  of 

\  A1  A2 


a  coherent  structure. 

Since  the  computation  of  h(p)  is  difficult,  a  method  to  approximate  h(p) 
is  desired.  Esary  and  Proschan  [5]  describe  such  a  procedure.  The  Esary- Pros  chan 
lower  bound  procedure  computes  a  lower  bound  on  h(p)  by  enumerating  all  min  cut 
sets  of  (C,<f>)  ,  connecting  the  components  of  each  min  cut  set  in  parallel  and 

a 

joining  each  of  these  parallel  subsystems  in  series  where  the  replicated  components 


Bimbaum  and  Esary  [2]. 
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are  replaced  by  identical  but  independent  operating  components.  In  this  paper,  the 
modular  decomposition  of  a  coherent  structure  is  utilized  together  with  the 
Esary-Proschan  lower  bound  procedure  to  obtain  the  Lower  Bound  Modular  Decomposition 
Theorem. 

The  Lower  Bound  Modular  Decomposition  Theorem  shows  that  by  decomposing  a 
coherent  structure  into  modules  and  using  the  Esary-Proschan  lower  bound  procedure 
on  (where  the  reliability  of  is  defined  to  be  the  E8ary-Pro8ohcm 

lower  bound  to  j)  »  the  lower  bound  on  h(p)  thus  found  is  no  worse  than 

applying  the  Esary-Proschan  lower  bound  procedure  to  (C,$)  directly. 

In  general,  the  modular  decomposition  of  a  coherent  structure  is  not  unique. 
Hence,  the  question  arises  as  to  which  modular  decomposition  to  use.  This  question 
Is  discussed  in  Section  3.0  by  refining  the  modular  decomposition  of  a  coherent 
structure  to  include  the  possibility  of  decomposing  each  module  further.  Finally, 
in  Section  4.0,  analogous  results  are  stated  for  an  upper  bound  on  h(p)  . 

The  following  notation  is  utilized  in  this  paper: 


•  Reliability  of  the  coherent  structure  (C,$)  :  h(p)  ■  h_(p)  ■ 

V 

•  Esary-Proschan  lower  bound  to  (C,$)  :  h*(p)  -  hr(p)  •  h*(p) 

L  T 


Vp) 
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2.0  LOWER  BOUND  MODULAR  DECOMPOSITION  THEOREM 


Let  Pj(x)  ,  j  -  1,2,  ....  s  ,  be  the  min  cut  structure  functions  of  the 


coherent  structure  (C,<f>)  .  Tims,  $(x) 
bound  to  (C,$)  is 


II  y .  (x)  .  The  Esary-Proschan  lower 

J-l  3 


h*(p)  -  n  P(y  (x)  -  1)  -  JI  h  (p) 
*  J-l  3  J-l  UJ 


(3) 


Esary  and  Proschan  [5]  show  that 


h(p)  -  h  Cj)  >  h  (p) 


(4) 


Lemma  1: 


If  XjOO . Xt00  are  disjoint  coherent  structure  functions  and 

^  ^  a  * 

♦  00  -  V  x/x)  »  then  V  h  (p)  >  h  (p)  . 
i-1  1  i-1  xi  ♦ 


Proof: 


Let  Xn(x),  ...,  (x)  be  the  min  cut  structure  functions  of  x^C*)  • 


“i 

Then,  x< (x)  *  R  X  (x)  .  From  (3) 
£-1  1)1 

“l 


h  (p)  -  n  p(x.#(x)  -  i)  -  n  h  (P) 

Xi  £-1  11  £-1  Ai£ 


(5) 


let  ^i£  "  l^OO  Independent  binary  variables,  £  ■  1,2 . m^  , 

i  -  1,2,  ....  t  .  Thus,  P(AU  -  1)  -  P(Xlt(X)  -  1)  -  q±l  .  Let  XJ(A)  -  n  ^ 
so  that 


hv  00  -  h  *(q) 


(6) 
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if  u  it 

Furthermore,  let  $  (A)  -  V  (A)  .  Since  x^x)  .  *  *  1.2 . t  ,  are 

i-1 

disjoint  binary  functions,  X^(A)  are  disjoint  binary  functions  and 


h  ^(q)  -  P 
9 


/  ^  \  ^  * 

V  X .  (A)  -  l)  -  V  P  (Xj 

'i-1  /  i-1 


(A)  -  1)  -  V  h  *(q)  -  V  h  (p) 


i-1  Xi 


i-1  Ai 


If  y^(x)  .  J  "  1.2.  •••»  s  ,  are  the  min  cut  structure  functions  of  <{>(x)  ,  then 
by  Theorem  4.1  of  Birnbaum  and  Esary  [2]  for  min  cut  sets,  it  can  be  concluded 


y.(x)  -  V  X  (x) 
2  i-1 


for  some  X.  (x),X  (x) ,  ....  X  (x)  .  If  we  let  y,(A)  -  V  A 

A  c’  J  i-1 


j  -  1,2,  ...,  s  ,  where  X^#(x)  -  A^  in  the  corresponding  expression  of  (7), 


hp 

J  J 


Thus,  by  (8),  (9),  and  Theorem  4.1  of  Birnbaum  and  Esary  [2],  y^(A)  , 
y^CA),  . . . ,y  (A)  are  the  min  cut  structure  functions  of  $  (A)  .  Then, 


•  **(q)  -  n  h  *(q)  -  II  h  (p)  -  h*(p) 

N  j-i  “i  j-i  uj  * 


But,  by  (7)  and  (10) 


V  -  h  (p)  -  h  *(q)  >  h  *(q)  -  h  (p) 
i-1  *i  9  "  9  9 


which  proves  the  lemma.  // 
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*  *  * 

Let  hx  -  h  (p),  ....  hx  (p)  and  =  h^  (p) ,  . . . ,  h^  (p)  . 

.1  t  1  t 


Theorem  2:  Lower  Bound  Modular  Decomposition  Theorem 

If  X^(x)»X2^x) . xt00  are  disjoint  coherent  structure  functions,  then 


%<P> 


%  [\]  - Max  S  N  •  h*f  x]j 

-MinKN-hK! 

* 

>  h.  h 
-  *  X 


2  hI(P> 


Proof: 


Recall  that  i(i  *=  ^(xA  .XA . XA  )  so  that  h^(p)  -  h^ 

1  2  t 


by  (6.21)  of 


Bimbaum  and  Esary  [2].  Since  h  (p)  >  h  (p)  by  (4)  and  h  [u-,u_,  . ..,  u  ]  is 

X^  *  1  Z  u 

1*1  *  r  i  *  r  *i 

h  and  h,  h  >  h,  h  .  By  (4), 

Xj  ♦  XJ  ■  n  xj 


*1  r*  *r*i  *  r  *1  * 

h  (p)  >  h,  h  and  h,  h  >  h  ,  h  .  If  we  can  show  h ,  >  h  (p)  ,  we  have 

♦  ■  ♦  Xj  *  x]  ■  ¥  l  xj  ^  L  Xj  -=  4> 


established  the  theorem. 

Let  (x)  -  ^(X-^OO.  ....  Xt<x))  »  j  -  1.2,  s  ,  be  the  min  cut  struc¬ 
ture  functions  of  the  coherent  structure  where  <f> (x)  ■  ^[x^M,  •••»  Xt(x)l 

Let  u..(x)  ,  1*1,2 . K  ,  be  the  min  cut  structure  functions  of  <f>.(x)  .  It  is 

J*  J  J 

easy  to  see  that  u  .  (x)  are  the  min  cut  structure  functions  of  (x)  , 

J  i 

1  *  1,2,  ...,  Kj  ,  j  ■  1,2,  ...,  s  .  By  Lemma  1, 


K) * 


*  n 

h  (p)  -  nJ  h  (p) 


1-1  Mjl 
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The  method  suggested  by  the  Lower  Bound  Modular  Decomposition  Theorem  has  two 
inherent  advantages  over  the  Esary-Proschan  procedure: 


(1) 

(2) 


It  is  a  more  accurate  estimate  of  h,(p)  . 

♦ 

It  requires  the  enumeration  of  all  min  cut  sets  over  a  set  of 
coherent  structures  with  less  components.  Since  the  work 
required  to  enumerate  all  min  cut  sets  of  a  coherent  structure 
increases  exponentially  with  the  number  of  components  in  the 
structure,  this  enumeration  can  be  carried  out  more  efficiently. 


To  illustrate  the  accuracy  of  the  approximations  to  system  reliability 
obtained  by  utilizing  the  Lower  Bound  Modular  Decomposition  Theorem  as  opposed 
to  the  Esary-Proschan  procedure  applied  directly  to  the  coherent  structure,  con¬ 
sider  the  fallowing  example. 

Example  2: 

Figure  3  illustrates  the  coherent  structure  under  consideration. 


FIGURE  3 
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Define  (A^,  x^)  •  i"l,2  ,  to  be  the  modular  decomposition  of  (C,  d>)  where  the 
modular  sets  are  -  {1,2, 3, 4, 5}  and  A^  ■  {6,7,8,9,10}  .  Applying  the  Lower 
Bound  Modular  Decomposition  Theorem,  we  find  that, 


h/P)  "  hJ[hl(p)’  h2(p)] 


>  h^jhjCp),  h*(p)j 
-  h*|h*(p),h*(p)j 


(15) 


>  h*(p) 

Assuming  each  component  to  have  the  same  reliability,  we  obtain  the  following 
table  (Figure  4) . 


Component 

Reliability 

Vp) 

Vhi(p),h$(p)) 

h*(P) 

.99 

.99999996 

.99999996 

.99999996 

.95 

.99997275 

.99997251 

.99997243 

.90 

.99953689 

.99952217 

.99951609 

.73 

.98077010 

.97799376 

.97584785 

.50 

.75 

.67585658 

.56262773 

.25 

.25811386 

.12385429 

.011416517 

.10 

.042576889 

.00529541 

.533  x  10~6 

.01 

.40  x  10-3 

.698  x  10~6 

.941  x  10"21 

FIGURE  4 
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3.0  EXTENSIONS 

Since  the  modular  decomposition  of  a  coherent  structure  is  not  necessarily 
unique,  the  question  arises  as  to  which  modular  decomposition  to  utilize. 

Insight  into  this  question  is  given  by  the  results  of  this  section. 

Let  (x)  ,  j'1,2,  s^  ,  i»l,2,  t  be  disjoint  coherent  structure 

functions  and  o^(w)  ,  i«l,2,  t  be  disjoint  coherent  structure  functions  such 

that  x^OO  ■  o1(w11(x),wl2(x) . wls  (x))  .  Let  0(w)  be  the  coherent  structure 

function  defined  by  0(w)  »  ^ (o^ (w) ,  ot(w))  .  Then 

0(x)  -  iMXj/x) . xt00) 

*  ^  ....  wls  (x)),  ot(wt  (x),  ....  wtg  (x))l  (16) 

1  1  t  J 

-  0(wn(x) . wts  (x)) 
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Proof: 

(a)  wij(x)  ,  j-1,2 . s^  ,  1-1,2 . r  ,  are  independent  binary  ran¬ 
dom  variables.  Let  -  P|w^(X)  -  lj  ,  J-1,2,  8^  ,  i-1,2,  r  .  By 

the  Lower  Bound  Modular  Decomposition  Theorem, 


(b)  By  the  Lower  Bound  Modular  Decomposition  Theorem 


1-1,2 . 11  (20> 


Since  h , 


is  nondecreasing. 


// 


(21) 


The  modular  decomposition  of  (C,  $)  defined  by  the  coherent  structure 
functions  w^  (X)  is  a  refinement  of  the  modular  decomposition  of  (C,  $) 
defined  by  the  coherent  structure  functions  x^(x)  •  Let 
$(x)  *  •••»  Xr  kj  *  k-0,.,  ...,  k*  ,  be  a  series  of  increasingly 

refined  decompositions  where  rQ  -  1  ,  x^C*)  "  $(*)  »  Cx)  ]  -  <p (x)  , 

-  n  ,  the  number  of  components  in  the  coherent  structure,  X^*  *  » 

L“L,2,  •••»  n  ,  \*^Xik*»  •••i  X^*^  "  ^ (x)  snd  •••»  X^*!  "  ♦*(*)  • 
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UPPER  BOUND  MODULAR  DECOMPOSITION  THEOREM 


Let  r\.(x)  , 
r 

where  $  (x)  -  V  n.(x) 

j-1  3 


. r  ,  be  the  min  path  structure  functions  of  (C,  <p ) 
The  Esary-Proschan  upper  bound  to  (C,  $)  is 


r  r 

h**(p)  -  V  P(n.  (X)  -  1)  -  v  hn  (p)  (25) 

*  j-i  3  j-i  "j 


where 


h**(p)  >  h(p)  (26) 

Results  similar  to  those  derived  previously  in  this  paper  can  be  shown.  These 
results  are  stated  without  proof  since  the  proofs  are  analogous  to  those  given 
previously. 


Lemma  5: 

If  x^(x) ,x2 (x) ,  ....  xfc (x)  are  disjoint  coherent  structure  functions  and 

% 

t  t 

<J>(x)  *  II  x.(x)  ,  then  n  h**(p)  h**(p)  . 

i-1  1  i-1  Xi  '  * 

Theorem  6:  Upper  Bound  Modular  Decomposition  Theorem 

If  Xj^x),  ....  Xfc(x)  are  disjoint  coherent  structure  functions,  then. 


\<P>  ‘  W  i  Mtn(h**[hxJ, 

<  Max(h**[hxJ,  h^[h**J } 

;  h;*th**i 

<  h**Cp) 

■  $ 

where  h  -  [h  (p) . h  (p)]  and  h**  -  fh**(p),  ....  h**(p)l  . 

*  [  Xj_  Xt  J  XX 


(27) 


17 


BIBLIOGRAPHY 


[1]  Barlow,  R.  E.  and  F.  Proschan,  MATHEMATICAL  THEORY  OF  RELIABILITY,  John 

Wiley  and  Sons,  New  York,  (1965). 

[2]  Birnbaum,  Z.  W.  and  J.  D.  Esary,  "Modules  of  Coherent  Binary  Structures," 

Jour.  Soc.  Indust.  Appl. Math.  .  Vol.  13,  No.  2,  pp. 444-462,  ( Ju.  e  1965). 

[3]  Birnbaum,  Z.  W. ,  J.  D.  Esary,  and  S.C.  Saunders,  "Multi-Component  Systems 

and  Structures  and  Their  Reliability,"  Technometrics ,  Vol.  3,  No.  1, 
pp.  55-77,  (1961). 

[4]  Bodin,  L.  D. ,  "Optimization  Procedures  for  the  Analysis  of  Coherent 

Structures,"  Ph.D.  Thesis,  University  of  California,  Berkeley,  (1967). 

[5]  Esary,  J.  D.  and  F.  Proschan,  "Coherent  Structures  of  Nonidentical  Com¬ 

ponents  ,"  j^chnometric£,  Vol.  5,  No.  2,  pp.  183-189,  (1963). 


Unclassified 
Security  Classification 


DOCUMENT  CONTROL  DATA  -  R&D 

(Security  claaa  i  ft  cation  of  titta.  body  of  abatract  and  indaxing  annotation  muat  ba  antarad  whan  tha  ovarall  raport  ia  claaaltiad) 


1  ORIGINATING  ACTIVITY  (Corporata  author)  2*  REPORT  UCURlTr  CLASSIFICATION 


University  of  California,  Berkeley 


Unclassified 


3  REPORT  TITLE 

APPROXIMATIONS  TO  SYSTEM  RELIABILITY  USING  A  MODULAR  DECOMPOSITION 


4  DESCRIPTIVE  NOTES  (Twa  of  raport  and  incluaiva  dataa) 

Research  Report 


5  AUTHORfS;  (Laat  nama.  ftrat  nama,  Initial) 

BODIN,  Lawrence  D. 


I  REPO  RT  DATE 

July  1967 


•  •  CONTRACT  OR  SRANT  NO. 

Nonr-3656(18) 


7a.  TOTAL  NO.  OP  PAOES  7b.  NO.  OP  R E PS 


fa.  ORIOINATOR'*  REPORT  NUMEERfSj 


b.  PROJECT  NO. 

NR  042  238 

C 

Research  Project  No.  :  WW  041 


ORC  67-42 


fb.  OTHER  REPORT  NOfSj  (Any  othar  numbara  that  may  ba  aaaignad 
thia  import) 


10  AVAIL  ABILITY /LIMIT  AT  ION  NOTICES 


Distribution  of  this  document  is  unlimited. 


II.  SUPPLEMENTARY  NOTES 


SEE  TITLE  PAGE. 


12  SPONSORING  MILITARY  ACTIVITY 


Mathematical  Science  Division 


DD  1473 


Unclassified 
Security  Classification 


Unclassified _ 

Security  Classification 


Coherent  Systems 
Modules 

System  Reliability 
Bounds 


INSTRUCTIONS 


1.  ORIGINATING  ACTIVITY:  Enter  the  name  and  address 
of  the  contractor,  subcontractor,  grantee,  Department  of  De¬ 
fense  activity  or  other  organization  ^corporate  author)  issuing 
the  report. 

2a.  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over¬ 
all  security  classification  of  the  report.  Indicate  whether 
"Restricted  Data"  is  included.  Marking  Is  to  be  in  accord¬ 
ance  with  appropriate  security  regulations, 

2b.  GROUP:  Automatic  downgrading  is  specified  in  DoD  Di¬ 
rective  5200.10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  as  author¬ 
ized. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  in  all 
capital  letters.  Titles  in  all  cases  should  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  in  all  capitals  in  parenthesis 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report,  e. g. ,  interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTHOR(S):  Enter  the  name(s)  of  author<s)  as  shown  on 
or  in  the  report.  Entei  last  name,  first  name,  middle  initisl. 

If  military,  show  rank  and  branch  of  service.  The  name  of 
the  principal  «;<thor  is  an  absolute  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  date  of  the  report  as  day, 
month,  year;  or  month,  year.  If  more  than  one  date  appears 
on  the  report,  use  date  of  publication, 

7a.  TOTAL  NUMBER  OF  PAGES;  The  total  page  count 
should  follow  normal  pagination  procedures,  Le.,  enter  the 
number  of  pages  containing  information. 

76.  NUMBER  OF  REFERENCES:  Enter  the  total  number  of 
references  cited  in  the  report. 

8a.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  was  written. 

8b,  8c,  8 d.  PROJECT  NUMBER:  Enter  the  appropriate 

military  department  identification,  such  as  project  number, 
subproject  number,  system  numbers,  tssk  number,  etc. 

9a.  ORIGINATOR’S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  identified 
and  controlled  by  the  originating  activity.  This  number  must 
be  unique  to  this  report. 

96  OTHER  REPORT  NUMBER(S):  If  the  report  has  been 
assigned  any  other  report  numbers  (either  by  the  originator 
or  by  the  sponsor),  also  enter  this  number(s). 

10.  AVAILABILITY/LIMITATION  NOTICES:  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 


imposed  by  security  classification,  using  standard  statements 
such  as: 

(1)  "Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC  ” 

(2)  “Foreign  announcement  and  dissemination  of  this 
report  by  DDC  is  not  authorized.” 

(3)  "U.  S.  Government  agencies  may  obtain  copies  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  request  through 


(4)  "U.  S.  military  agencies  may  obtain  copies  of  this 

report  directly  from  DDC  Other  qualified  users 
shall  request  through 


(5)  "All  distribution  of  this  report  is  controlled.  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  report  has  been  furnished  to  the  Office  of  Technicsl 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi- 
cste  this  fset  and  enter  the  price,  if  known. 

1L  SUPPLEMENTARY  NOTES:  Use  for  additional  explana¬ 
tory  notes. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  or  laboratory  sponsoring  (pay  i 
ing  lor)  the  research  and  development  Include  address. 

13.  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
it  may  also  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  additional  space  is  required,  a  continuation  sheet  shall 
be  attached. 

It  is  highly  desirsble  that  the  abstract  of  classified  reports 
be  unclassified.  Each  paragraph  of  the  abstract  shall  end  with 
an  indication  of  the  military  security  classification  of  the  in¬ 
formation  in  the  paragraph,  represented  as  (TS).  (S).  (C).  or  (U) 

There  is  no  limitation  on  the  length  of  the  abstract.  How¬ 
ever,  the  suggested  length  is  from  150  to  225  words. 

14.  KEY  WORDS:  Key  words  are  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
index  entries  for  cataloging  the  report.  Key  words  must  be 
selected  so  that  no  security  classification  is  required  Identi¬ 
fiers,  auch  as  equipment  model  designation,  trade  name,  military 
project  code  name,  geographic  location,  may  be  used  as  key 
words  but  will  be  followed  by  an  indication  of  technical  con¬ 
text.  The  assignment  of  links,  roles,  and  weights  is  optional. 


nn  form 

L J  L j  I  JAN  64 


1473  (BACK) 


Unclassified _ 

Security  Classification 


